INTRODUCTION
The backscatter coefficient, 7J(m), isamaterial dependent acoustic parameter. As such, a reliable estimate of 77( m) may provide information concerning the rnicrostructure and material properties for various engineering materials [1] [2] [3] [4] . Current methods for properly estimating 7](m) are lirnited to cases in which the single scattering assumption is valid. Many models for grain noise also rely upon the validity of the single scattering assumption [5] [6] [7] [8] [9] . When attempting to validate models based upon the single scattering assumption, one must frrst verify that the single scattering assumption is valid. Therefore, a methodology is needed to deterrnine if the single scattering assumption is in fact valid or if multiple scattering is significant.
In this paper, we will review a model which is the basis for the experimental estimation of 7J(m) for a polycrystalline material for the single scattering regime [previously published in Ref. 1 ]. We will then present a formalism for the first step into the multiple scattering regime, the case of primary and secondary scattering. This formalism will be used to explain the expected difficulties in estimating 77(m) beyond the single scattering regime without prior knowledge of the material's scattering properties.
Results will be presented for 7J(m) estimation in a weak scattering material at wavelengths and penetration depths where the single scattering assumption is valid. This same weak scattering material will be used to show the onset of significant multiple scattering. Finally, backscatter coefficient estimation results will be presented for a strong scattering material at a range of wavelengths and penetration depths which reveal single scattering and clear multiple scattering in a single material specimen.
MODELS Single Scattering Model
When the single scattering assumption is valid the backscattered signal from the interrogation of a polycrystalline material may be expressed as the summation of the backscattered signals from an ensemble of scatterers as; where na is the backscattered signal, m is the circular frequency, M is the number of scatterers in the measurement volume, Hi is the measurement system response function of the ith scatterer, and Aj is the scattering amplitude of the ith scatterer. The expected value of the power spectrum can be taken to yield; where the ( } indicates the expected value ofthe contained quantity. Assuming that the scatterers are randomly spaced, the single scattering measurement system response functions for the grainswill be uncorrelated, and Equation (2) may be rewritten as;
Using 9\ to denote the measurement volume and R the volume of 9\, Equation (3) may be multiplied by R IR and rearranged ~o yield;
where m is the expected value of M. The final ratio shown in Equation (4) is the average scattering cross-section per unit volume [10] or, more succinctly, the backscatter coefficient, T/(W). Therefore, the backscatter coefficient may finally be expressed as;
As represented in Equation (5), T/(W) isamaterial dependent property.
(4) (5)
Experimental estimation of T/(W) requires a two step process. The material is first interrogated with uhrasound to obtain an ensemble of backscattered signals that are used to estimate the ensemble average backscattered signalpower spectrum (the numerator in Equation (5)). The measurement system related effects are then modeled by H(m) and removed through the frequency domain division shown in Equation (5) . When this experimental approach is properly applied, the resulting estimate of 77(w) is independent of the configuration of the measurement system that was used to obtain the backscattered signals. For the single scattering case we have shown that the measurement system effects can be successfully modeled and removed from the ensemble average backscattered signal power spectrum [1, 2] . However, for the multiple scattering case T/(W) can no Iongerbe deterrnined by this simple approach without prior knowledge of the scattering properties of the material. This is because the interrogating pressure field will be a function of both the experimental configuration and the scattered fields (which result from scattering that takes place in the material prior to the measurement volume of interest).
Multiple Scattering Formalism
We now turn to the first step into the multiple scattering regime, the case ofprimary and secondary scattering. Forthis case, the backscattered signal may be modeledas the summation of the backscattered signals from an ensemble of scatterers associated with primary scattering plus the double summation over the primary scatterers and their subsequent secondary scatterers which produce the secondary scattered fields. This may be written in a form consistent with Equation (1) and with isotropic scattering implicit as; (6) whereH,; and Hit in the frrst tenn are, respectively, the measurement system response functions for transmitring the interrogating sound from the transducer (denoted by t) to the ith scatterer and back to the transducer (referring to Equation (1), note that H; = H,;Hit). M 3 is the nurober of scatterers whose primary scattered field is subsequently scattered by the M2 secondary scatterers. Hrk and Hjr are measurement system response functions, respectively, for transmitring sound from the transducer to the kth primary scatterer and from the jth secondary scatterer back to the transducer. Gkj is a material Green's function for transmission of the sound from the kth primary scatterer to the jth secondary scatterer.
A,t and Ai are scattering amplitudes (the prime on A,t is used as a reminder that these may not be a far-field scattering amplitudes). The left-hand side and the frrst term on the righthand side ofEquation (6) are the same as given in Equation (1). Thus, the first term on the right-hand side of the equation represents the backscattered signal due only to single scattering. The expected value of the power spectrum can be taken to yield;
The right-hand side ofEquation (7) can be rewritten as follows;
where the square within the expected value has been carried out, and the expected value of each term has be taken individually. Note that the cross-product tenns (associated with squaring a sum) whose expected value are zero for randomly placed scatterers are not shown. Dividing through by the volume integral of the single scatterer measurement system response function power and using Equation (2) and Equation (5) to substitute for the frrst tenn on the right-hand side yields;
Equation (9) reveals that if we apply the single scattering 7](m) estimation procedure to the case where secondary scattering is significant, the result is an estimate of 1](m), plus a positive tenn which still contains measurement system effects. Thus, this estimate of 71(m) will necessarily be too large. The greater the multiple scattering contribution the greater will be the overestimate of 71(m). The only way that this estimate can be accurate is if the second term on the right-hand side of Equation (9) is insignificant because the multiple scattering contribution is insignificant. In more physical tenns, in the presence of significant multiple scattering, following the single scattering procedure willlead to overestimation of 71( m) because the single scattering assumption based models account only for the sound in the main pulse (i.e. the previously unscattered sound) that interrogates a particular portion of the specimen. The sound that is previously scattered is assumed not to make a significant contribution to the backscattered sound and no accounting is made for this previously scattered sound rescattering at the time of interest. The greater the amount of scattering-induced attenuation that occurs before the measurement volume of interest, the greater the amount of scattered sound that is available to make an additional will also tend to increase with increasing frequency since the attenuation coefficient increases with increasing frequency, and, therefore, the total attenuation at a given depth into the material will be greater at higher frequencies. Experimental results presented later in this paper are consistent with these Observations.
EXPERIMENTAL PROCEDURES
Two material specimens each with equiaxed grain structure and depth and angle independent scattering characteristics were used. Alpha titanium ( a-Ti) fabricated using powder metallurgical processes [1] is a weak scattering material which was used as the material specimen for demonstration of single scattering and the transition beyond single scattering. A strong scattering Beryllium-Copper (Be-Cu) specimen specially fabricated for this project was used to demoostrate both single and multiple scattering.
In order to implement the single scattering backscatter coefficient estimation approach, various ultrasonic experiments were required as briefly described in this paragraph [1, 2] . Standard pulse-echo measurements were made at normalandoblique incidence in an immersion mode. Measurements were made with a focused transducer with a center frequency of 13.4 MHz and with a planar transducer with a center frequency of 14.9 MHz, each with a nominal transducerradius of0.635 cm. Transducer characterization was required for Gauss-Hermite beam model velocity field calculations which were used in estimating the distributed scatterer measurement system response function power. The attenuation coefficients for the water and for appropriate wave modes in each specimen were also used in system response function calculations and were established experimentally. A reference signal consisting of a reflection off of a planar reflector was measured for each transducer and was used in implementing the pulse onset and termination effects terms [1] . The Fourier transform of the reference signalwas used directly in calculating system response functions [12] . Backscattered signals were measured at normal incidence in the Be-Cu specimen and at normal and oblique incidence in the a-Ti specimen. As shown in Fig. 1 , the transducer was translated parallel to the front surface of the specimen, and measurements were made at a nurober of positions to establish a family of backscattered signals from which power spectra could be calculated.
RESULTS
In this section we will present backscatter coefficient estimates for three regimes of scattering: 1) the single scattering regime, 2) the regime in which multiple scattering I (MHz) clearly makes a significant contribution to the measured signal, and 3) and an intermediate regime in which typical rays have scattered a few times.
Single Scattering
The longitudinal wave (L-wave) backscatter coefficient was estimated for the a-Ti specimen using backscattered signals measured with a 15 MHz planar transducer at two different water paths and at five different depths of penetration into the material over the range of frequencies included in Figure 2 . Shown are estimates of TJ( m) at each frequency averaged over the ten configurations. The error bars show the standard deviations over the ten estimates at each frequency. As discussed in the next section, if multiple scattering were significant, a deviation (from linear behavior) which systematically increases with increasing frequency would be apparent. Figure 3 shows the backscatter coefficient estimates for 7.8 MHz and 13.7 MHzforeach of the water path/depth of penetration combinations. These backscatter coefficient estimates are plotted versus the depth to the center of the measurement volume (i.e., the scattering volume) within the materiaL The solid lines represent the average value of the backscatter coefficient estimates. The dashed lines show the standard deviations of the ten backscatter coefficient estimates for each frequency. The backscatter coefficient estimates are seentobe independent of the depth of penetration into the specimen. This lack of depth dependence is indicative of the fact that, for this interrogation configuration, single scattering is dominant throughout the depth of the specimen. As shown in the next section, if multiple scattering were significant, the backscatter coefficients would tend to increase with increasing depth of penetration into the specimen.
Multiple Scattering
The second set of results are for experiments conducted with a Be-Cu specimen. The L-wave backscatter coefficient was estimated for this specimen using backscattered signals measured with a 5 MHz planar transducer for each of three depths of penetration (denoted by z) into the material as shown in Figure 4 . At the low frequencies on the lefthand side of the graph the backscatter coefficient estimates are essentially depth independent. However, with increasing frequency, the backscatter coefficient estimates are seen to be progressively more dependent upon depth of penetration into the material. This increasing value for the backscatter coefficient estimate with depth is precisely the type of behavior that is expected when a material is interrogated in a configuration that produces multiple scattering. Figure 5 are the backscatter coefficient estimates versus depth of penetration into the material for three different frequencies. For the lowest frequency the difference between the backscatter coefficient estimates with depth is insignificant. For the middle frequency, the depth dependence is already apparent. Finally for the highest frequency, the depth dependence is seen to be very strong. Thus, because multiple scattering is significant, the backscatter coefficient estimate tends to increase with increasing depth of penetration into the specimen as well as with increasing frequency. This is precisely the expected behavior for an interrogation that results in significant multiple scattering. Deplh (cm) Figure 7 . Log( 7J(w)) vs. depth for a.-Ti.
The third set of results are for experiments with the a.-Ti specimen using a 15 MHz planar transducer at oblique incidence between the frrst and second critical angles so that only transverse waves (T-waves) were introduced into the specimen. The resulting backscattered signals were used to estimate the T-wave backscatter coefficients for each of three depths of penetration into the material as shown in Fig. 6 . The separations of the backscatter coefficient estimates are much less pronounced than that seen in the preceding figures for the Be-Cu specimen. However, the backscatter coefficient estimates do appear to show some depth dependence as seen in the Fig. 7 plot of the log of the T-wave backscatter coefficient estimates versus depth for 9.3 MHz and 12.7 MHz. Again, while the depth dependence is much less pronounced than for the previous Be-Cu result, the correlation with depth can be seen. The backscatter coefficient estimates should, in fact, show no dependence with depth since the scattering properlies of the specimen are consistent throughout the thickness of the specimen. Results which show depth independent T-wave scattering at lower frequencies for this specimen and measurement configuration are given in Ref. 2.
SUMMARY AND DISCUSSION
In this paper, we have addressed single and multiple scattering of ultrasound in polycrystalline materials. Models were used to show that if a single scattering assumption is the basis for backscatter coefficient estimation when the experimental data actually includes significant multiple scattering, that the resultant backscatter coefficient estimate will be too large and will contain measurement system effects. Any attempt to account for this overestimation or to fully remove the measurement system effects would require a priori knowledge of the very kind of material scattering characteristics which are to be estimated. A backscatter coefficient type parameter which is measurement system dependent is of limited utility for materials characterization since such a parameter would change not only with changes in the material microstructure but also with changes in the acoustic measurement system (e.g., a change from a planar to a focussed transducer or a change in water path associated with an immersion test).
The experimental data presented are consistent with anticipated results showing single scattering at shallow depths and at lower frequencies and multiple scattering deeper into the material and at higher frequencies. A strong scattering Be-Cu specimen was used to clearly show both single and multiple scattering in a single specimen using L-waves. A weak scattering a.-Ti specimen was used to demoostrate single scattering using L-waves and the transition beyond simple single scattering using T-waves.
An experimental methodology was introduced for determining whether single or multiple scattering is the dominant mechanism in creating measured backscattered signals.
We would propose that this experimental methodology will be useful as a starting point when comparing theory for backscattered uhrasound in polycrytalline materials with experiment. The methodology relies on frrst aquiring a material specimen which has depth independent scattering characteristics followed by comparison of single scattering based backscatter coefficient estimates at different depths within the material specimen. Depth independence in the backscatter coefficient estimates indicates single scattering while a trend of increasing backscatter coefficient estimates with increasing depth indicates that multiple scatttering is significant.
